Electron cryo-microscopy (cryo-EM) is a powerful technique for imaging biological structures in their native environment at angstrom resolution with optimal structural preservation ([@r1], [@r2]). However, direct identification of specific proteins and structures in the native but crowded cellular environment remains extremely challenging. Conversely, fluorescence cryo-microscopy (cryo-FM) ([@r3][@r4][@r5][@r6]--[@r7]) excels at localization of labeled proteins but lacks higher resolving power. Therefore, correlative light and electron cryo-microscopy (cryo-CLEM; i.e., using cryo-FM to assist cryo-EM data acquisition and data interpretation) is increasingly important ([@r8], [@r9]). In particular, the recent introduction of super-resolution fluorescence methods for cryo-conditions ([@r10][@r11][@r12]--[@r13]) has opened up a new field of cryo-microscopy with an enormous potential for bridging the resolution gap between the two imaging modalities and for tackling a broad range of biological questions that are difficult to address with other techniques. However, it has also become clear that super-resolution cryo-FM faces many challenges, particularly the risk of specimen devitrification during super-resolution data acquisition ([@r10], [@r12], [@r14], [@r15]). Devitrification is the transition of amorphous ice into a crystalline form that occurs when warming up the specimen above −135 °C ([@r16]) and can lead to both damage to biological structures and loss of contrast in cryo-EM. It has become apparent that single-molecule localization microscopy under cryo-conditions (cryo-SMLM) leads to local specimen devitrification even when applying substantially lower laser intensities than those used at ambient temperatures ([@r10], [@r12]). Cryo-protectants increase the temperature threshold for ice crystal formation and have been successfully used to image bacterial cells ([@r10]). However, cryo-protectants are not compatible with mammalian cells due to their adverse osmotic effects and are known to reduce contrast in cryo-EM. Formvar-coated EM grids have been explored as an alternative to carbon-coated grids due to lower light absorption, which permitted the use of higher laser intensities and therefore, a higher resolution of super-resolution cryo-FM ([@r12]). However, Formvar is highly susceptible to electron beam-induced damage, which causes bubbling and distortion of the specimen in the electron microscope and reduces the signal-to-noise ratio and image quality ([@r12]). A general solution to deal with devitrification during super-resolution imaging is currently missing, which severely hinders its applicability for cryo-CLEM.

We have developed a super-resolution cryo-FM imaging scheme that uses sufficiently low laser intensities to maintain specimens below the devitrification temperature threshold. The sample preparation method is unchanged from established cryo-EM protocols and does not influence the resolution of cryo-EM data. Our super-resolution cryo-FM image reconstruction algorithm is based on the principle of super-resolution optical fluctuation imaging (SOFI) ([@r17]), and therefore, we have termed this method cryo-SOFI. The SOFI principle makes use of fluorescence intensity fluctuations in the sample over time. When looking at the correlation of these intensity changes, only the intensity fluctuations arising from the same molecule are highly correlated, as the fluorescence of neighboring molecules (outside of the Förster resonance energy transfer regime) is independent of each other. Plotting the *n*th-order cumulant results in an image with a resolution improvement of up to *n*-fold for reweighted cross-cumulants ([@r18]) compared with a conventional image. The SOFI principle is particularly attractive for super-resolution cryo-CLEM, as fluorescence intensity fluctuations are detectable at relatively low laser intensities ([@r17]), reducing the risk of devitrification. In contrast to current super-resolution cryo-CLEM ([@r10], [@r12]), cryo-SOFI is not reliant on the described sample preparation workarounds and presents a general solution to the problem of devitrification in super-resolution cryo-CLEM. It can be applied to all sample types and is fully compatible with broadly used fluorescent proteins. Moreover, cryo-SOFI does not require a complex optical setup. Any cryo-FM system can be adapted easily for cryo-SOFI to enable a super-resolution cryo-CLEM workflow ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)).

Results {#s1}
=======

The goal of super-resolution cryo-CLEM is to combine the complementary features of cryo-FM and cryo-EM at an increased level of information content by extracting super-resolution information from the fluorescence data. To demonstrate the broad application range of cryo-SOFI in this context, we chose three different biological examples and three different fluorescent proteins as markers. Each example demonstrates that cryo-SOFI allows a clear and unambiguous correlation of cryo-FM and cryo-EM data ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}) while maintaining the specimen in a vitrified state ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)).

![Super-resolution cryo-CLEM of actin in vitrified mammalian cells. (*A* and *G*) Overviews of XC cells with Dendra2-Lifeact--labeled actin grown on regular patterned holey carbon foil EM grids. These images are overlays of conventional cryo-FM (green) and reflected light image (gray scale). (Scale bars: 20 µm.) (*B* and *H*) Overlays of medium-magnification (nominal 9,300×) tomogram slices and conventional cryo-FM of the area indicated in *A* and *G*. (Scale bars: 1 µm.) (*C* and *I*) Overlays corresponding to *B* and *H* with cryo-SOFI images (third-order cross-correlation and deconvolution). (Scale bars: 1 µm.) (*D*, *E*, *J*, and *K*) Magnified images of the areas indicated in corresponding images in *B*, *C*, *H*, and *I*; *F* and *L* show sections (23-nm thickness) of corresponding tomograms overlaid with a projection of actin-containing volumes (cyan) that have been manually segmented in the whole tomograms. The 3D reconstruction of tomograms in *F* and *L* is in [Movies S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) and [S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental). (Scale bars: 500 nm.)](pnas.1810690116fig01){#fig01}

![Super-resolution cryo-CLEM of mitochondria and ER in vitrified mammalian cells. (*A*) Overlay of montage of medium-magnification (nominal 9,300×) TEM images and conventional cryo-FM of mClover-TOM20--labeled mitochondria in vitrified XC cells grown on lacey carbon-coated EM grids. (*B*) Overlay corresponding to *A* with cryo-SOFI image (third-order cross-correlation and deconvolution). (Scale bars: 2 µm.) (*C* and *D*) Overlay of high-magnification (50,000×) TEM images of indicated areas (blue rectangles) in *A* and *B* with conventional cryo-FM and cryo-SOFI, respectively. (*E*) TEM image with manually outlined mitochondria. [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) has a tomogram slice, high-magnification projection image, and power spectrum of areas indicated with asterisks in *A* and *B*. The whole tomogram corresponding to the slice in [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) can be seen in [Movie S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental). (Scale bars: 250 nm.) (*F*) Overlay of montage of medium-magnification (nominal 9,300×) TEM images and conventional cryo-FM of an ER-localizing protein fused to mVenus. (Scale bar: 1 µm.) (*G*--*I*) Magnified images of areas indicated in *F*. (Scale bars: 250 nm.) (*J*--*M*) Corresponding overlays using cryo-SOFI (fourth-order cross-correlation and deconvolution). Cryo-SOFI in *L* and *M* with changed dynamic range in comparison with the cryo-SOFI image shown in *J*. Asterisks in *G*, *H*, *K*, and *L* mark vesicular structures with highly reduced fluorescent signals in cryo-SOFI compared with conventional cryo-FM. (Scale bars: 250 nm.)](pnas.1810690116fig02){#fig02}

Cryo-SOFI substantially improved the confinement of fluorescent signals to areas occupied by actin in tomograms of vitrified XC cells (rat Rous sarcoma cell line, adherently grown) stably expressing Lifeact-Dendra2 ([Fig. 1 *E*, *F*, *K*, and *L*](#fig01){ref-type="fig"}). Pseudopodia of XC cells contained large numbers of vesicles and mitochondria in proximity to microtubule tracks reinforced by actin bundles in addition to cortical actin below the plasma membrane ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) and [Movies S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) and [S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). The cryo-SOFI signal was concentrated to regions between the plasma membrane and intracellular vesicles, whereas the signal of conventional cryo-FM extended well outside the cellular boundary ([Fig. 1 *D*--*F* and *J*--*L*](#fig01){ref-type="fig"}). In particular, the example shown in [Fig. 1*E*](#fig01){ref-type="fig"} highlights that the labeled actin passed around two large vesicles and a mitochondrion in the region of interest (bottom right, center, and top left, respectively), whereas with conventional cryo-FM ([Fig. 1*D*](#fig01){ref-type="fig"}), the fluorescence signal overlapped with these structures. Cryo-SOFI was applied to two additional biological systems to illustrate the extra correlative power gained by improvement of the cryo-FM resolution: (*i*) XC cells transfected with the mitochondrial label mClover-TOM20 and (*ii*) COS7 cells transfected with an endoplasmic reticulum (ER)-localizing protein fused to mVenus fluorescent protein. In both cases, the structures (mitochondria or membranous/vesicular structures of the ER) observed in tomograms or micrographs match significantly better with the cryo-SOFI signal distribution, thus allowing for a better interpretation of cryo-EM data based on the information from fluorescence labeling ([Fig. 2](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). For example, the application of cryo-SOFI revealed that some features of similar appearance had no or very little corresponding fluorescent signal (compare structures with asterisks in [Fig. 2 *G*, *H*, *K*, and *L*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S4 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). This can be critical for choosing areas for cryo-EM data acquisition, which could otherwise not be identified with conventional cryo-CLEM.

The preservation of the vitrified state of the specimen is perhaps the most crucial requirement for super-resolution cryo-CLEM. We have adjusted the laser intensity for cryo-SOFI data acquisition to ∼100 W/cm^2^, a range well below previously reported super-resolution cryo-CLEM approaches \[∼3 times less than in the approach of Chang et al. ([@r10]) and ∼15 times less than the method described by Liu et al. ([@r12])\]. With an intensity of ∼100 W/cm^2^, we see no evidence of devitrification in specimens prepared without cryo-protectants on standard EM grids with holey or lacey carbon supports ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). Increasing the laser intensity by only a factor of two already led to obvious ice changes in the irradiated areas and specimen damage ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). We restricted the laser illumination to a circular area with a diameter of ∼40 µm to avoid unnecessary deposition of energy outside the field of view used for cryo-SOFI. To achieve a super-resolution image reconstruction with two- to three-times resolution improvement (resolution assessment is in [*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)) over conventional cryo-FM, an acquisition time of 100 s (2,000 frames) was typically sufficient. This corresponds to 5- to 10-times time reduction compared with previously published methods ([@r10], [@r12]). Taken together, cryo-SOFI substantially reduces the relative photon dose deposited onto the specimen required to obtain super-resolution information and therefore, the likelihood of devitrification and specimen damage.

The SOFI method in general is very sensitive to mechanical instabilities of the setup during data acquisition ([@r17]). It was, therefore, crucial to correct for sample drift. Drift correction based on autocorrelation of bright features has been implemented into cryo-SOFI (details are in [*Materials and Methods*](#s3){ref-type="sec"}), which allows for the correction of even relatively severe movement of the microscope stage ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). Data acquired with cryo-FM setups as opposed to room temperature setups are more susceptible to optical aberrations in the point spread function (PSF), mainly originating from refractive index mismatches ([@r19]). In SOFI, artifacts due to asymmetries in the PSF become more pronounced for higher-order cross-correlations (higher resolution) as the outer regions of the PSF become more relevant. Cross-correlation with repetition ([@r20]) (details are in [*Materials and Methods*](#s3){ref-type="sec"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)) minimizes the distance between correlated pixels, which decreases intensity differences and thus, diminishes aberration-related artifacts in cryo-SOFI images.

The strong background suppression and optical sectioning of the SOFI principle ([@r17], [@r21]) makes cryo-SOFI especially interesting for cellular samples, where it offers an even more pronounced advantage over conventional cryo-FM. Background and out-of-focus signals are eliminated during the SOFI data processing, as they exhibit minimal temporal fluctuations ([@r17], [@r21]). This effect is most pronounced when imaging thicker regions of the cell, where fine structural details may be missed by conventional cryo-FM due to the high out-of-focus background. Furthermore, very weak fluorescent structures also benefit from the noise suppression enabled by cryo-SOFI as shown in [Fig. 3](#fig03){ref-type="fig"} for mVenus-labeled ER in a whole vitrified COS7 cell.

![Cryo-SOFI mVenus-labeled ER in different areas of the cell. Comparison of conventional cryo-FM (*A*--*D*) and cryo-SOFI (*E*--*G*) in areas of the cell with different optical properties: (*B* and *E*) deep = thick region around the nucleus; (*C* and *F*) shallow = thin periphery of the cell; and (*D* and *G*) weak = weakly fluorescent neighboring cell. (Scale bars: *A*, 5 µm; *B*--*G*, 1 µm.)](pnas.1810690116fig03){#fig03}

Discussion {#s2}
==========

In summary, we have demonstrated that cryo-SOFI significantly improves the resolution of fluorescence images compared with conventional cryo-FM while maintaining vitreous specimens. In each application with cryo-SOFI, the distribution of fluorescence in the cryo-FM image is a substantially better match to the structures that are expected to contain the respective fluorescent proteins in the corresponding cryo-EM data. Cryo-SOFI allows for clear discrimination between nearby structures that would not be possible using conventional cryo-FM ([Fig. 2 *F*--*M*](#fig02){ref-type="fig"}). This development improves interpretation of cryo-CLEM data and simplifies correlative workflows. Furthermore, we have demonstrated the success of cryo-SOFI with three different fluorescent proteins, providing the bases for multichannel experiments. Multicolor cryo-SOFI will allow for more diverse biological experiments, expanding the scope of super-resolution cryo-CLEM.

We showed that cryo-SOFI, in comparison with conventional cryo-FM, is especially powerful for imaging structures in thicker parts of the cell due to its ability to suppress out-of-focus signals, thus achieving optical sectioning. In general, high background is not favorable for SOFI, but in cases where such regions inside the cell are of interest for cryo-EM, cryo-SOFI offers optical sectioning capabilities along the *z* axis comparable with a confocal microscope setup ([@r21]). Furthermore, the resolution improvement for SOFI can be extended for full 3D super-resolution imaging ([@r17], [@r22]). To also achieve resolution improvement along the *z* axis, time series of multiple focus planes have to be recorded simultaneously ([@r22]). This data collection scheme would require a significantly more complex optical setup than described here but would be advantageous for cryo-FM, as the relative photon dose deposited onto the specimen would remain the same. This makes cryo-SOFI particularly promising for cryo-CLEM imaging in combination with thinning methods, such as focused ion beam milling. Here, high-precision (∼100-nm) localization of structures within a 3D volume is essential to reliably target regions of interest for subsequent transmission cryo-EM imaging ([@r5]).

The resolution improvement of SOFI is fundamentally not limited by diffraction ([@r17]). The sensitivity of SOFI is at the single-molecule level, as only signals of individual molecules show high temporal correlation ([@r17]). Typically, the signal-to-noise ratio of the intensity fluctuations (number of photons per single-molecule "blink" vs. background signal) is the limiting factor for resolution improvement with SOFI in biological samples ([@r23]), which also holds true for cryo-SOFI. Photobleaching is reduced by several orders of magnitude under cryo-conditions compared with ambient temperature conditions ([@r24][@r25]--[@r26]), but the combination of low fluorescence intensity in low-dose imaging, low numerical aperture (NA) of the objective lenses suitable for cryo-FM setups ([@r14]), and a high autofluorescent background in cellular samples ([@r11], [@r27]) limited the resolution improvement in our system for the biological examples shown here to two to three times. We were able to successfully use cross-cumulants up to the fourth order, yielding a resolution of up to ∼135 nm ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) has more details). For high densities of fluorescent molecules, which are typically the case in biological samples, longer acquisition times are required to recover the necessary information for higher-order SOFI reconstructions ([@r18]). For cryo-SOFI, longer acquisition times are particularly unfavorable regarding the risk of devitrification of the specimen. Higher orders would theoretically yield higher resolution but are also more prone to artifacts, as the dynamic range of a conventional wide-field image tends to get exponentially larger for SOFI reconstructions, scaling with the SOFI order being used. In addition, optical aberrations that result in an asymmetric PSF or in inconsistent PSF within the field of view as well as errors in the correction of mechanical instabilities over time affect the resulting cryo-SOFI image. The higher the order of correlation, the bigger the impact that these inconsistencies have on the resulting image. Therefore, a more stable setup, dedicated cryo-objective lenses as well as fluorophores with improved "blinking" characteristics under cryo-conditions would allow for higher orders to be used and thereby, additional improvement of the achievable resolution.

Compared with cryo-SMLM ([@r10][@r11]--[@r12]), the resolution of cryo-SOFI reaches a similar range, but the required laser intensity is severalfold lower. Liu et al. ([@r12]) demonstrated that cryo-SMLM has the potential to reach a significantly higher resolution. However, this required a special treatment of the specimen and a substrate that is not favorable for subsequent cryo-EM imaging ([@r12]).

Correction of mechanical drift in the acquired raw data is essential for cryo-SOFI. Typical artifacts of movement during data acquisition are depicted in [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental). This type of artifact can be identified by comparing the cryo-SOFI image with the conventional cryo-FM image. Additional relatively sharp features are erroneously introduced into the cryo-SOFI images along the edges of fluorescent structures in the conventional cryo-FM images. True higher-resolution features should be found within the area of the PSF of the conventional cryo-FM images (compare [*SI Appendix*, Fig. S7 *E* and *H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). If drift is mainly one directional, this will also be reflected in the orientation of the artifacts and help to identify them. An active drift correction during the measurement might further improve the results of cryo-SOFI, as it has already successfully been implemented for cryo-SMLM ([@r12]). Furthermore, optical aberrations (e.g., spherical aberrations, coma) caused by refractive index mismatch (e.g., when imaging in thicker ice) or temperature changes in the objective lens ([@r14], [@r15]) may have detrimental effects on the quality of all super-resolution imaging techniques ([@r28]). In the case of cryo-SOFI, artifacts due to optical aberrations are typically more difficult to identify, as they are more subtle than those from mechanical instabilities (compare [*SI Appendix*, Figs. S7 and S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). However, an indication of artifacts arising from optical aberrations in cryo-SOFI images is repetitive small features of the size of the SOFI PSF ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). Adaptive optics correction could be directly implemented in a dedicated cryo-SOFI setup in the same way as it was successfully implemented in an SMLM setup for ambient temperatures ([@r29]). This stems from the fact that both SOFI and SMLM make use of a regular wide-field microscope, in which adaptive optics correction is only necessary on the detection path. Correction of optical aberrations will become even more important with the introduction of cryo-immersion objective lenses ([@r19]) for super-resolution cryo-FM. Faoro et al. ([@r19]) recently demonstrated that small differences in temperature or refractive index of the immersion medium lead to severe aberrations of the PSF when using a cryo-immersion objective lens. Although the resolution of the described cryo-immersion objective lens with a nominal NA of 1.15 was similar to that of an 0.9 NA air objective lens under cryo-conditions, the detection efficiency was improved by a factor of 2.7 ([@r19]). The improved detection efficiency will improve the achievable resolutions of both cryo-SOFI and other super-resolution cryo-FM approaches due to the higher photon count per single-molecule signal.

Materials and Methods {#s3}
=====================

Sample Preparation. {#s4}
-------------------

XC cells (provided by Quentin Sattentau, University of Oxford, Oxford, United Kingdom) and COS7 cells were propagated in Gibco DMEM GlutaMAX (Thermo Fisher) with 10% FCS at 37 °C and 5% CO~2~. To generate stable cell lines expressing Dendra2-Lifeact, XC cells were transfected with pDendra2-Lifeact-7 \[pDendra2-Lifeact-7 was a gift from Michael Davidson, Florida State University, Tallahassee, FL (Addgene plasmid 54694)\] using X-tremeGENE HP DNA Transfection Reagent (Sigma) and selected with G-418 (Sigma). Cells used for this study tended to avoid growing over holes in the carbon support film of EM grids and instead, clustered to the metal bars; only a small number of cells could be imaged in cryo-EM as a result. To deal with this issue, graphene oxide (GO) sheets were deposited on EM grids to form a continuous surface and a better substrate for cell adhesion using a method based on the work by Bokori-Brown et al. ([@r30]). Multilayer GO sheets are fluorescent, but these can be removed by centrifugation, and we did not observe a substantial increase of background fluorescence on GO-coated grids compared with conventional grids. Glow-discharged gold finder grids (Quantifoil) were incubated with GO solution, washed with water, and allowed to dry. However, we found that GO detached from the carbon support during coating with cell adhesion material and subsequent cell culture. To prevent this, GO was cross-linked to the carbon support using 4% paraformaldehyde, washed with water, and coated with 50 mg/mL fibronectin in PBS. Cells were grown on coated grids for 24 h before plunge freezing. XC cells were transfected with a plasmid containing mClover-TOM20 \[Clover-TOMM20-N-10 was a gift from Michael Davidson (Addgene plasmid 56307) ([@r31])\] and grown on gold finder grids with single-layer GO on lacey carbon support (EM Resolutions) coated with fibronectin. To obtain COS7 cells with mVenus-marked ER, cells were transfected using Lipofectamine 2000 (Thermo Fisher) with a plasmid (provided by Elena Seiradake, University of Oxford, Oxford, United Kingdom), which consists of the transmembrane helix of the human RPTPmu fused to mVenus. Transfected cells were detached by trypsin and seeded onto carbon-coated grids (Quantifoil), and then, they were grown for 24 h before freezing.

Cryo-SOFI Setup and Data Acquisition. {#s5}
-------------------------------------

We modified a commercial cryo-FM system (Cryo CLEM; Leica) equipped with a 50× 0.9-NA objective lens (Cryo CLEM Objective HCX PL APO 50×/0.9; Leica) for cryo-SOFI imaging by coupling lasers (iChrome MLE; Toptica) into the microscope body for fluorophore excitation and photoswitching. Laser light after the single-mode fiber was collimated using an achromatic lens with 19-mm focal length to achieve an illuminated area of ∼40-µm diameter in the object plane. A schematic illustration of additionally required hardware is in [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental). For all biological examples presented here, data were acquired using 488-nm laser illumination and the standard GFP filter cube of the microscope system (excitation: 470/40; dichroic: 495 low pass; emission: 525/50). Overview images where recorded using a standard CCD camera (DFC365 FX; Leica). Cryo-SOFI data were recorded with an electron multiplying CCD (EMCCD) camera (iXon Ultra 897; Andor) and additional 2× magnification to reach an overall magnification of 100× for matching the larger pixel size of the EMCCD camera. Typical camera settings for cryo-SOFI data acquisition were 50-ms integration time per frame (at a rate of 20 frames per second) for a time series of 2,000 images at an EM gain of 20--200.

Cryo-SOFI Drift Correction and Image Reconstruction. {#s6}
----------------------------------------------------

Drift and other mechanical instabilities were determined using an autocorrelation-based approach. Bright structures in the specimen or added fiducial markers were used as reference objects. Whichever signal is used for the drift correction, it is important to have a very high density of fluorescent molecules to prevent errors in the estimation of the drift due to intensity fluctuations. Every image in the data stack was compared with the first one using the findshift routine of the DIPimage toolbox ([diplib.org](http://diplib.org)) for MATLAB (Mathworks). Typically (depending on the pixel size of the raw data) for the SOFI principle, it is important to determine the drift of the sample with subpixel accuracy. The obtained lateral shifts for each image in the raw data stack are then used to correct the drift during data acquisition.

Cryo-SOFI image reconstruction on the drift-corrected data has been performed as described previously for ambient temperature SOFI ([@r17], [@r18]). For cryo-SOFI, where aberrations in the PSF can be more severe, close attention had to be payed to the effects of asymmetries in the PSF on the cross-correlation SOFI images. In comparison with autocorrelation SOFI, which is based on (and restrained to) the actual physical pixels on the camera, cross-correlation SOFI ($XC_{n}$) makes use of virtual pixels in between the physical pixels in the raw images:$$XC_{n}\left( {{\overset{\rightarrow}{r}}_{1},\ldots,{\overset{\rightarrow}{r}}_{n},\tau_{1},\ldots,\tau_{n}} \right) = {\prod\limits_{j < 1}^{n}U}\left( \frac{{\overset{\rightarrow}{r}}_{j} - {\overset{\rightarrow}{r}}_{l}}{\sqrt{n}} \right) \cdot {\sum\limits_{i = 1}^{N}U^{n}}\left( {{\overset{\rightarrow}{r}}_{i} - \frac{\sum_{k = 1}^{n}{\overset{\rightarrow}{r}}_{k}}{\sqrt{n}}} \right) \cdot \epsilon_{i}^{n} \cdot \omega_{i}\left( {\tau_{1},\ldots,\tau_{n}} \right),$$

with $\overset{\rightarrow}{r}$ being the position of the correlated pixels, $U$ being the PSF of the original images, $\omega$ being the temporal weighting factor, and $\tau$ being the time delays between each pixel ([@r17]). The PSF function in [Eq. **1**](#eq1){ref-type="disp-formula"} implies that calculated pixel position $\overset{\rightarrow}{r}$ is at the geometrical center of the correlated pixel. It also shows that each pixel in the SOFI image is dependent on a pixel distance correction factor $U\left( \frac{{\overset{\rightarrow}{r}}_{j} - {\overset{\rightarrow}{r}}_{l}}{\sqrt{n}} \right)$, which corrects for the difference in intensity due to the difference in distance from the correlated pixel ([@r18]). This pixel correction factor is very susceptible to optical aberrations in the system. Cross-correlation SOFI images can be calculated in two different ways ([@r20]). One uses only different pixels (cross-correlation without repetition). This results in a higher amount of information used to calculate the SOFI pixel value ([@r20]), in larger distances between the correlated pixels, and thus, in a higher probability of aberrations affecting the resulting super-resolution image. That happens, because a PSF formed in the presence of optical aberrations has an FWHM isosurface larger than that of an optimal PSF ([@r28]). By using different pixels but allowing some of them to be repeated, a cross-correlation with repetition is obtained ([@r20]). This minimizes the distance between correlated pixels to minimize the effects of aberrations in the PSF (details and an example are in [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental)). The pixel distance corrections were calculated by comparing a second-order autocorrelation image with an image calculated with a second-order cross-correlation. The difference between them is the pixel distance correction factor: $U\left( \frac{{\overset{\rightarrow}{r}}_{1} - {\overset{\rightarrow}{r}}_{2}}{2} \right)$, with the positions ${\overset{\rightarrow}{r}}_{1}$ and ${\overset{\rightarrow}{r}}_{2}$ of the pixels at either side of the autocorrelated pixel.

The PSF used for the deconvolution was obtained by dividing the SOFI image by one of the according images of one order lower (compare [Eq. **1**](#eq1){ref-type="disp-formula"} for order *n* and *n* − 1). In this manner, the actual PSF was directly obtained from each experiment. This minimizes artifacts typical for deconvolution due to the application of an inaccurate PSF. For all biological examples shown here, cross-correlation SOFI up to the third or fourth order yielded good super-resolution images. Combined with deconvolution, this resulted in a resolution improvement of approximately two to three times. MATLAB code for cryo-SOFI image reconstruction can be downloaded via the following link: <https://github.com/rainerkaufmann/cryoSOFI/releases>.

Cryo-EM Imaging. {#s7}
----------------

Micrographs were collected on a Tecnai F30 "Polara" (FEI) operating at 300 keV with a postcolumn QUANTUM 964 energy filter (Gatan) operated in Zero-Loss mode using a 20-eV energy slit and K2 Summit direct electron detector (Gatan) operating in counting mode at 2.84-, 4.22-, or 23.1-Å pixel size. A 70-μm C2 aperture was used during all data acquisition. Where possible, tilt series were collected bidirectionally from −55° to 59° at 3° increments with 10 frames per image. Frames were aligned using Unblur ([@r32]), and tomograms were reconstructed using IMOD Etomo ([@r33]). Tomograms were binned two or eight times and bandpass filtered for visualization using Bsoft ([@r34]). Raw tomograms of images shown in [Fig. 1 *D*--*F* and *J*--*L*](#fig01){ref-type="fig"} and [*SI Appendix*, Figs. S2*B* and S3 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810690116/-/DCSupplemental) have been deposited as EMD-4471--4473 in the EMDB.

Overlay of Cryo-FM and Cryo-EM Images. {#s8}
--------------------------------------

Overlays of cryo-FM (conventional and cryo-SOFI) and cryo-EM images were performed by identifying distinct features visible in both imaging modalities and marking their positions using the Control Point Selection Tool of MATLAB (Mathworks). These positions allowed us to determine the transformation between the different coordinate systems. For the biological samples presented here, sufficient structural similarities between cryo-FM and cryo-EM images could be identified for the correlation. In other cases, fiducial markers visible in cryo-FM and cryo-EM can be used for the determination of the coordinate transformation and overlay of the images ([@r35], [@r36]).
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